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1. Statement of the Problem Studied

Over the past decade, there has been a great deal of interest in tunable solid-
state lasers. The extensive research focused on either finding new host materials for
the trivalent chromium ion (Cr3+), or finding new ions to be used in already known
hosts. We have initiated a research project to investigate, using methods of
conventional optical spectroscopy and picosecond time-resolved spectroscopy, new
potential tunable solid-state laser materials. Very little information is available
about the fundamental physical processes behind vibronic laser operation. With this
in mind we have undertaken studies of the kinetics of population relaxation among
the excited states of lasing ions, as well as investigations of the optical phonon
dynamics using ultrafast pump-and-probe anti-Stokes Raman scattering. Most of the
investigations were performed on chromium-doped forsterite, new and unique

laser crystal discovered by us during the course of this research.
28 Summary of the Most Important Results

Major breakthroughs were achieved in two areas: (1) Time-resolved
nonequilibrium phonon dynamics in tunable solid-state laser crystals, and (2)
Discovery of a new lasing ion, tetravalent chromium (Cr#+) in chromium-doped

forsterite (Cr:Mg;SiO4) and studies of its spectroscopic and laser properties.

2.1 Nonequilibrium Phonon Dynamics in Tunable Solid-State Laser Crystals

Excite-and-probe anti-Stokes Raman scattering apparatus was developed to

study phe:icn dynamics in the excited state in tunable solid-state laser materials.

Using this state-of-the-art experimental setup we have, for the first time,

directly identified the nonequilibrium phonons which participate in the overall



complex nonradiative decay. By measuring the time dependence of the pump-probe
Raman spectra in chromium-doped forsterite we have determined the rise and
decay behavior of different Raman-active phonon modes involved in nonradiative

decay.

The sample of Cr-doped forsterite was photoexcited above the Cr#+ lasing
level by a train of 450-fs, 590-nm pump pulses and probed by a time-delayed, cross-
polarized pulses of same pulse duration and wavelength. We have monitored the
change in the relative intensity of anti-Stokes Raman lines due to scattering of both
the pump and the probe pulses as a function of pump-probe delay. Raman spectra
show that the rise and the decay dynamics are different for different phonon modes,
which in turn contribute to the overall nonradiative relaxation of photoexcited ions

in this crystal.

In the measured anti-Stokes Raman spectra, the 370 cm-1 Raman line is
generated by the pump beam, while the 330 cm-1 and 225 cm-1 lines arise from
Raman scattering of the probe beam. Different Raman spectra corresponding to the
pump and to the probe beam are a consequence of different selection rules for the
cross-polarized pump and probe beams. Measuring the ratio of the intensity of the
anti-Stokes Raman lines corresponding to the probe beam and the intensity of the
Raman line due to Raman scattering of the pump beam, for different pump-probe
delays, a picture of the dynamics of the nonequilibrium phonons is developed. It
was observed that the relative difference between the intensities of the pump and
probe Raman lines in the anti-Stokes Raman spectrum changes considerably when
the pump-probe dela> time changes from 1 ps to 6 ps. There are differences in the
rise and decay of tliese two modes which contribute differently to overall
nonradiative decay. The two phonon modes "seen" by the probe beam exhibit an

increase in the intensity ratio for the first 10 ps and a decay for the following 25 ps.



These results are an important contribution to the understanding of the
underlying physics on which nonequilibrium phonons participate in the excited

state nonradiative decay of photoexcited ions in crystals.

2.2 Spectroscopic and Laser Properties of chromium-doped forsterite

Measurements of the absorption, emission and excitation épectra, as well as the
wavelength dependence of fluorescence lifetime provide convincing evidence that
chromium ion may enter forsterite (MgySiO4) host in more than one valence states.
Trivalent chromium (Cr3+) enters substitutionally for divalent magnesium (Mg?2+)
in two inequivalent octahedrally coordinated sites, while tetravalent chromium
(Cr4+) substitutes for Si4+ at tetrahedrally coordinated sites. Of the two Cr3+ centers,
the one with mirror symmetry (Cs) is optically active due to lack of inversion
symmetry and accounts for a number of features in the absorptionland emission
spectra. The center with inversion symmetry (C;) is characterized with longer
lifetimes that show strong temperature dependence. The absorption and emission
due to transitions within the states of Cr4+ ion overlap with those within the states
of Cr3+ ion. The absorption in the near infrared spectral region between 850 and 1150
nm is primarily due to transitions between the 3A; ground state and the first excited
state 3T, of the Cr4+ ion. The four-level,. vibronic mode of laser operation in Cr-

doped forsterite feeds on 3T»—3A transition.

Pulsed laser operation was obtained with samples rich in Cr4+ in a stable
cavity. Pulsed laser action was observed for both the 1064-nm and 532-nm pumping.
The spectra of the free-runninc laser radiation for both the 1064-nm and 532-nm
pumping peaked at 1235 nm and had linewidth of 30 nm and 27 nm, respectively.
Highest slope efficiency obtained to date is ~23% for 1064-nm pumping with an

output mirror having 13% transmission at 1200 nm.



Continuous-wave laser operation was obtained using 1064-nm radiation from
a cw Nd:YAG laser as a pumping source. The lasing threshold was 1.25 W of
absorbed power. The measured slope efficiency was 6.8%. The spectrum of the free-

running laser output peaks at 1244 nm and has a bandwidth of 12 nm.

Tunable operation of Cr:forsterite laser has been demonstrated over the 1167
- 1345 nm spectral range. A birefringent, single crystal quartz plate at Brewster's
angle was used as the intracavity dispersive element. Three different output
mirrors with transmission in adjacent wavelenth ranges were used to cover the

range.

- Maximum slope efficiency of 38 % was obtained for cw operation using 11 %

transmission output mirror.

Limiting slope efficiency of the chromium-doped forsterite laser in the

absence of passive losses was estimated to be >65 %.

Excited-state absorption is not a major loss mechanism in chromium-doped
forsterite. The peak of the excited-state absorption is predicted at 1670 nm, far out of
the tuning range.
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Laser action in chromium-doped forsterite

V. Petritevi€, S. K. Gayen, and R. R. Alfano

Institute for Ultrafast Spectroscopy and Lasers, Photonics Application Laboratory. Departments of Physics
and Electrical Engineering, The City College of New York, New York, New York 10031

Kiyoshi Yamagishi, H. Anzai, and Y. Yamaguchi

Electronic Materials Research Laboratory. Mitsui Mining and Smelting Co.. Ltd., 1333-2 Haraichi,

Ageo-Shi, Saitama 362, Japan

{Received 7 December 1987; accepted for publication 1 February 1988)

Room-temperature vibronic pulsed laser action in trivalent chromium-activated forsterite
(Cr**:Mg,SiO,) is reported for the first time. The free-running laser emission is centered at
1235 nm of the broad * T;>* 4, fluorescence band, and has a bandwidth of ~22 nm.

Prompted by the successful broadly wavelength-tuna-

ble, room-temperature operation of alexandrite' and emer-

ald** lasers, the surge in research activities on tunable solid-
state lasers has been extensive in the 1980s.*'? The thrust of
these research endeavors has been twofold: first to look for
new host materials for the trivalent chromium ion,”"! and

" second, to search for new ions that will lase in commonly

used host crystals.“%'2-!” These efforts have been rewarded

by the successful wavelength-tunable laser operation of
Cr* * inanumber of hosts,” "' by the discovery of new lasing
ions trivalent titanium (Ti* * )*'%"? and divalent rhodium'
(Rh?*), as well as by the “rediscovery” **'*'*!7 of tunable
phonon-terminated lasers based on divalent transition metal
ions Ni? *,Co?*,and V2 *. In this letter, we present the first
room-temperature vibronic pulsed laser operation of Cr* *

in forsterite (Mg, SiO, ).

Forsterite, like alexandrite, is 2 member of the olivine
family of crystals. It is a naturally occurring gem. Single
crystals of forsterite may be grown by the Czochralski meth-
od. A unit cell of forsterite has four formula units in an or-
thorhombic structure of the space group Pbnm.'® The unit
cell dimensions are: a = 4.76 A, b= 10.22 A, and ¢ = 5.99
A.The Cr'* ion substitutes for the Mg? * ion in two distinct
octahedrally coordinated sites: one (M1) with inversion
symmetry (C; ), and the other (M2) with mirror symmetry
{C,). The occupation ratio of the two sites'® by the Cr* + ion
is MI:M2 = 3:2.

The single crystal of Cr* * :Mg, SiO, used for spectro-
scopic and laser action measurements was grown by the
Czochralski method at the Electronic Materials Research
Laboratory of the Mitsui Mining and Smelting Co., Ltd.,
Japan. The crystal is 2 9 mm X 9 mm X 4.5 mm rectangular
parallelepiped with the three mutually orthogonal axes ori-
ented along the b, ¢, and a crystallographic axes of the crys-
tal. The crystal contains 0.04 at. % of Cr* * ions, which is
equivalent to a chromium ion concentration of 6.9 X 10"
ions/cm>.

The room-temperature fluorescence and absorption
spectra of Cr*>*:Mg,SiO, for E|{b crystallographic axis are
shown in Fig. 1. The fluorescence spectrum of Cr* +: Mg,
SiO, was excited by the 488-nm radiation from an argon-ion
laser and recorded by a germanium photodiode detector
lock-in amplifier combination at the end of a 0.25-m mono-
chromator equipped with a 1000-nm blazed grating. The

1040 Appl. Phys. Lett. 52 (13), 28 March 1988
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room-temperature spectrum is a broad band covering the
wavelength range 700-1400 nm. The room-temperature flu-
orescence lifetime is 15 us. ,

The absorption spectrum was taken with a Perkin-
Elmer Lambda-9 spectrophotometer along the 4.5-mm path
length of the sample. It is characterized by two broad bands
centered at 740 and 460 nm attributed to the ‘4, —*T, and
“4, —*T, absorptive transitions, respectively, of the Cr**
ion. The broad, weak absorption band between 850 and 1150
nm is not observed in the excitation spectrum.?® This indi-
cates that the origin of this absorption is not transitions in
Cr’* ion, but in some other impurity ions, e.g., Fe’ * in the
host crystal.?! It is evident from Fig. 1 that this background
absorption overlaps a significant spectral region of Cr**:
Mg,SiO, emission, and inhibits laser action in that region.

The experimental arrangement for investigating the la-
seraction®?in Cr® * :Mg, SiO, is shown schematically in Fig.
2. The sample is placed at the center of a stable resonator
formed by two 30-cm-rad mirrors placed 20 cm apart. The
mirrors were dielectric coated to transmit the 532-nm pump
beam, and to have high reflectivity in the 1150-1250 nm
spectral range. The reflectivity of the back mirror M, is
99.9%, while that of the output mirror M, is ~98% for
normal incidence over the specified wavelength range. It is
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FIG. 1. Absorption and fluorescence spectra of Ce’ * :Mg, SiO, at room
temperature. Both the spectra were taken for E||b axis and excitation along
a axis. The thickness of the sample along a axis is 4.5 mm.
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FIG. 2. Schematic diagram of the experimental arrangement for investigat-
" ing laser action in Cr® * :Mg, SiO, (Key: F, = {060-nm blocking filter, F,

= 532-nm blocking infrared transmitting filter, M, = back mirror, M,

= output mirror, L = lens, S = sample, Ge = germanium photodiode de-
tector, M = monochromator.)

to be noted that this spectral region does not correspond to
the peak of the fluorescence spectrum, but was chosen so
that the background absorption is minimal. The sample was
longitudinally pumped by frequency-doubled 532-nm, 10-ns
full width at half maximum (FWHM) pulses from a Q-
switched Nd:YAG laser (Quanta Ray DCR-1) operating at
a 10-Hz repetition rate. The spatial profile of the pump pulse
was a doughnut, characteristic of an unstable cavity. The
pump beam was linearly polarized along the b axis and pro-
pagated along the a axis of the sample. It was focused 3 cm
before the sample by a 25-cm focal length lens. The radius of
the pump beam at the center of the sample is ~ 600 um. The
output from the laser cavity was analyzed by a2 0.25-m mono-
chromator and monitored by a germanium photodiode de-
tector. The output of the detector was displayed on a fast
oscilloscope. No dispersive element was placed in the cavity
and the laser operated in a free-running pulsed mode.

Pulsed laser operation was readily obtained for pump-
ing at or above the lasing threshold of 2.2 mJ. A single output
laser pulse was obtained, implying a gain-switched operation
whi:h 1 a consequence of pump-puise duration being
sonee o1 thas the taning-level lifetime. The amplitude and du-

rwon of the taser putee varied, a3 expected, with the pulse-
to-pulve energy fluctustion of the pump laser. The output
wt ~viremely sensitive even to 8 small misalignment of the
cavity, or insertion of a glass plate (8% loss) in the cavity.

The temporal profile of the Cr® + :Mg, SiO, laser pulse is
shown in Fig. 3(a), and fluctuations in its amplitude, dura-
tion, and delay with respect to the pump pulse are displayed
in Fig. 3(b). The temporal duration {FWHM) of the output
laser pulse varied from 200 ns at the threshold to 100 ns at
2.4 times the threshold energy. The delay between the peak
of the pump pulse and the peak of the Cr** :Mg, SiO, laser
pulse also varied, as expected, with pump-pulse energy, from
700 ns at the threshold to 200 ns at 2.4 times the threshold
energy. This indicates that the laser cavity is highly lossy,
and several hundred round trips are required to build up the
laser oscillation in the cavity.

The laser threshold and slope efficiency were measured
for the cavity used in this experiment and the data are dis-
played in Fig. 4. The taser oscillation starts to build up at an
absorbed input energy of 2.2 mJ. The measured slope effi-

1041 Appl. Phys. Lett., Vol. 52, No. 13, 28 March 1988

(b)

-FIG. 3. Temporal profile and delay with respect to the pump pulse of the

Cr’ *:Mg, SiO, laser pulse: (a) asingle pulse for pump energy 1.7 times the
threshold energy; and (b) three pulses for pump energies near (right),
twice {middle), and 2.4 times (left) the threshold energy. The nacrow pulse
at the extreme left of both the oscilloscope traces is the leakage of the pump
pulse. For this measurement the monochromator was removed and filters
were adjusted to allow a small leakage of pump pulse. The time and voltage
scales are 100 ns/div and 20 mV/div, respectively.

ciency of 1.4% is rather low, and indicates large losses in the
cavity. These losses include ~ 13% reflection loss from the
uncoated sample surfaces, scattering from inhomogeneities
in the crystal, and a large mismatch between the size of the
pump beam and the Cr**+:Mg,SiO, cavity modes in the
sample.

The spectrum of Cr’ * :Mg, SiO, laser is shown in Fig.
5, for an absorbed pump energy of 3.4 mJ. The spectrum
peaks at 1235 nm and has a bandwidth (FWHM) of 22 nm.
The wide spectrum of the laser output can be used to pro-
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FIG. 4. Output energy of Cr’ + :Mg, SiO, laseras a function of input energy.
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FIG. 5. Spectrum of free-running Cr® * :Mg, SiO, laser.

duce femtosecond pulses. The spectral range is limited at the
high-energy end by the mirror transmission and the impuri-
ty absorption, while at the low-energy end by the mirror
transmission as well as by the decrease in fluorescence inten-
sity. Using different sets of mirrors, laser action in the 1.1-
1.3 um spectral range can be obtained.

In summary, pulsed laser operation has been obtained in
Cr® * :Mg, SiO, at room temperature. The laser emission is
centered at 1235 nm and has a bandwidth of ~22 nm. The
spectral range for laser emission is expected to extend from
850 to 1300 nm if the parasitic impurity absorption may be
minimized by improved crystal growth technique, making it
one of the most widely tunable solid-state lasers in this spec-
tral region. The large finorescence bandwidth of the crystal
promises ultrashort pulse generation through mode-locked
operation. The fluorescence lifetime of 15 us is suitable for
effective energy storage and high-power Q-switched oper-
ation.
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A New Tunable Solid-State Laser

BY V. PETRICRVIC, 3. K. GAYEN
ANDR. R. ALFANO

ment for tunable solid-state lasers' with prog-

ress reaching the point where tunable sotid-
state lasers are making headway in the marketplace
and atutracting the financial community’s interest. In
the area of laser applications. interest int tunable solid-
state lasers stems from their many advantages over
dye lasers. These include wide wavelength tunability.

T he eighties have been a decade of rapid develop-

A new tunable solid-state laser
of chromium-activated forsterite
offers wide tunability
and a variety of applications.

compactness. long operational lifetime. rigidity and
ease of handling — all of which make them highly reli-
abie and extremely suitable for spaceborne remote
sensing., ranging. lidar and optical communication
applications.

Tunable solid-state lasers also have a high potential for
medical applications in eye surgery, cutting tissues.
treating birthmarks and removing kidney stones. In-
dusurial apptications include on-line poliutant-emission
monitoring and fiber optic cornmunicatdons along with
basic scienutic research.

[n this arucie. we will introduce a new tunabie solid-
state laser system: Chromium-activated forsterite (Cr3*:
Mg,Si0,). which has we potential for tunability from
850-1400nm — one of the most widely tunabie laser sys-
tems in this spectral region. Chromium-based crystais
that are known to lase, cover a spectral range of 700-
1100nm. The first laser. ruby. operates only at a well de-
fined wavelength of 694.3nm. Four different hosts are
necessary to cover the 700-1100nm range. The Cri-:
Mg SiO, system extends the range further into the in-
frared and shows promise of covering most of the range
and beyond.

We have cbserved pulsed laser action in Cr3* at room
temperature.’ The emission is centered at 123%nm, and
has a bandwidth (FWHM) of 22nm. [n the following sec-
tions. we will introduce the characteristics of the host
crystal, present the basic spectroscopic properties of the
system. descnibe the laser experiments and measure-
ments. and point out the possibilities of the system.

Forsterite. like alexandrite. is a-member of the olivine
family of crystals and is a naturally occurring gem. The
crystal appears different when looked at from different
direcdons. Along the {100} axis it appears to have a
bluish hue. along [010] it appears violet. while along the
{001] axis it looks greenish.

Single crystals of Cr*-:Mg,SiO, may be grown by the
Czochralski method. The crystal is easy to grow. and
iarge crystals (several centimeters long and about a cen-
nineter in diameter) are readily grown. The single crystai
of Cr*~:Mg,Si0, used for spectroscopic and laser action
measurements presented in this article was grown by
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Figure 1.
Absorption and fluorescence spectra of Cr7* : Mg, SO, at
roomm temperature.

the Czochraiskd method at the Electronic Materials Re-
search Laboratory of the Mitsut Mining and Smeiting Co.
Ltd.. in Japan. The crystal is a Smm x Smm x 4.5mm
rectangular parallelepiped with the three murually or-
thogonal axes oriented along the b. ¢ and a crystatlogra-
phic axes of the crystal. The crystal contains 0.04 atomic
percentage of Cr3* ions, which 13 equivalent to a chro-
mium-ion concentration of 6.9 x 10" ions/cm®.

The room-ternperature fluorescence and absorption
spectra of Cr**:Mg,SIO, for E || b crystallographic axis are
shown in Figure 1. The fluorescence spectrum was ex-
cited by the 488nm radfation from an argon-ion laser
and recorded by a germaniurn photodiode detector-lock-
in-amplifier combination at the end of a 0.25m mono-
chromator equipped with a 1000nm blazed grating. The
room-temperature spectrum is a broad band covenng
700-1400nm. The room-temperature fluorescence ide-
time is 15usec. The absorption spectrum is charactenzed
by two broad bands centered at 740nm and 460nm at-
tibuted at the *A,~T, and *A,~T, absorption uansi-
tions, respectively. of Lﬁe Cr*- ion. The broad weak ab-
sorption band between 850-1150nm is not observed :n
the excitatdon spectrum. This indicates that the ongin of
this absorpdon is not transitions in the Cr3- ion. but .n
some other impunty ions. e.g., Fe3* in the host crvstat.:
[t is evident from Figure 1 that this background absorp-
tion overlaps a significant spectral region of Cr* - Mg 3.0
ermissions and inhibits laser action n that region. 3otn
the ernission and absorption spectra ot such systems Je-
pend suongly on the polarization of the wncident .:gnt
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Fligure 2.
A photograph of the laser cavwy ileft). and a schematic of the expenmental arrangement jor \nvestigaiing ia.ser action i Cr -
Mg Si0 . Key: 7 = iv60nm alockma filter. £ =332nm blocking infrared transmusning filter. M = oack murror. M. =output

nurror. L =iens. S = sampte. Ge
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and :he onentauon of the crystallograpnic axes :n the
sampte.

Laser action

The expenmental arrangement lor ‘nvestgaung the
:aser action :n Cre- Mg, SIO, :s shown n Figure 2fa). and
Jrawn schermnaucally in F'gure 2bl. The sample 1s placed
at the center ol a stable resonator iormed by two 30cem-
radius murrors placed 20cm apart. The mirrors were di-
2tectnic coated to transmit the 332nm pump beam. and
:0 have hueh retlecuviy in the 1130-1230nm spectral
range. it should be noted that this spectral region does

not correspond (0 the peak oi uorescence speciium. dut
Was chosen 1o minimteze background apsorption.

The sampie was iongitudinaily pumped by !requencey:
doubied 332nm. 10ns iFWHM) puises (rom a Q-swii
Nd:YAG iaser Quanua Rayv DCR-1) operaung at a1
repetittion rate. The pump deam 'was iineariv potar..- .
aong the 5 axis and propagated along the a axis ot the
sampie. It was iocused 3cm Delore the sampie Hyv a
23cm-jocal-length lens. The radius of the pump beam at
the center of the sample is ~~800um. The output irom the
.aser cavity was analyzed by a 0.2Z2m monocnromator.
moniwored by a germanium pnotodiode detector and dis-

Picosecond/Gigahertz

> Photodetectors and Diode

Sy Senes PL Diode Lasers generate
e i ultcashort, igh power pulses at
. 3 pnealar wavetengths.
\ Applications include:

M R = Handwidth testing of optical
i 0 o fibers.
= Qptical recever testing.
. . = Optcal osclioscope/strealk camera
testing.

T
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Laser Systems

Series AR and ARX Phatodetectars are used o
detect uitrashort pulees and high-frequency
modutated CW light.
Andu:«xmm inciedes
* Mode-tocked YAG/dye laser puise detection
* Pulee dispersion measurements 1 optical
Sbars.
m High recuency laser diodes/t ED detection.

'f you are looking for high-quality, affordabie
2icosecond/giganenz photodetectors and diode taser
systems. please contact Antel for compiete technical infor-
mation and pnces.
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MORE NEW
PRODUCTS
FROM PULNIX

ASYNCHRONOUS RESET,
VARIABLE SHUTTER AND
INTEGRADABLE CCD

The PULNLX TM-845 camera fea-
tures a high resolution 1800 x
492 pixel} irame transfer CCD
imager. The TM-845 offers both
vanable. asvnchronous shutter-
ing and random image integra-

tion in an extremely smail (1.25"

x 1.753” x 3.30” camera. Svne
is internal/external.

Options include an external
shutter control and a Peltier cool-
ing attachment for optimum im-
iging in the integration mode. A
CCIR version {TM-863) wiil be
available soon.

REMOTE IMAGER
CCD CAMERA

The PULNiX TM-340R remote ima-
ger CCD camera permits mounting
of the lens/imager assembly within a
very confined area. The 310 x 192
pixel imager is attached to the main
era module by a 48~ flexibie ca-
vble -which carries all video and
power. The TM-340R comes stan-
dard with 48" remote (84" maxi-
mum distance): shorter distances
are available by custom order.

To facilitate mounting. different
versions of the imager module are
otfered. The TM-340R uses C-mount
or spectal mimature lenses and ac-
cepts external svnc.
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Choose the Right Camera
PULMIX (s a leader in supplying the highest resolution solld-state
cameras in miniaturized packages. Our new TM-830 CCD camera
features a fuil 800 x 492 frame transfer array in a tiny, lightweight
enciosure. We understand that Zuly cost-effective imaging systems
never pay for unused resolving power. That's wity we offer a full line of
ammwmwmmwmm

S Cameras Built Your Way

Many of our innovative miniature cameras were deveioped in response to
special customer needs. Custom factory adjustnents, interfaces, cables,
a enciosures are part of our cveryday service. Our appiicatons
engineers are eager to assist you in providing the camera best suited for

yOUr sysiem.
R Now American Made

Owr U.S. manufacturing facility has just expanded to better serve our
amwtomers. We now have cven greater flexibility to detiver the camera you
want. whether it's off the shetf or custom engineered.

S Ask For Oux Latest Cataiog
The cameras shown above are just some of our many video cameras and
accessories. We stock dozens of different monochrome and color sotid-
state array and linear array cameras, miniature and standard lenses.
fiters, ciose-up attachments, enciosures, and power suppiies. Cail our
toll-free number today for a comprehensive catalog and further information.
All Cameras Peature A Full Three-Year Warranty
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si1aved on 2 :ast nscilloscope. Mo dispersive 2iement 'vas
Ztaced :n tne favuy ind the laser operated in a iree-run-
ming puised mode.

Pulsed laser speration was readily nbtained {or pump-
:ng 1t or above ‘he iasing thresnotd energy of 2.2md. A
single output .aser ulse was obtained. implyving a gain-
switched operation. i consequence of pump-puise dura-
-:on being shorter *han the iasing-levet lifeurne.

The specuum peaks at 1235nm and has a bandwidth
FWHM) of 25nim. The measured slope efficiency is ~ 1.5
percent !or the cavity configuration descnbed above.
With an optimized cavity. we expect the stope efficiency
10 wcrease substantially. We have observed laser action

-in this cryseal for E || a and ¢ axes as well. This appears t¢
he a unique property of this system. since most of the
svstems. including alexandrite. lase in only one preterred
direction.

The chromium-activated forsterite system has a high
potential to be a very useful and practical laser system in
opuicai communications and ranging. The spectral range
for iaser emussion is expected 10 extend from 350-
1400nm if the parasitic impurity absorption can be min:-
mized by improving the crystal growth technique. The
output at the low-energy end of this laser is of particular
importance or transmission through optical fibers and
eve-sate ranging. The large f{luorescence bandwidth
oromises uitrashort pulse generation through mode-
locked operation. Since large crystals can be readily
grown. the system may be used as an amplifier medium
'n the near infrared region as weil. =
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ROOM TEMPERATURE VIBRONIC LASER ACTION IN Cr’‘':Mg,Si0,

V. Petridevid, S. K. Gayen and R. 8. Alfano
Institute for Ultrafast Spectroscopy and Lasers
Photonics Application Laboratory
Departments of Physics and Electrical Engineering
The City College of New York
New York, NY 10031
and
Kiyoshi Yamagishi and Kazuo Moriya
Electronic Materials Research Laboratory
Mitsui Mining and Smelting Co. Ltd.

1333-2 Haraichi, Ageo-Shi

Saitama 362, Japan .

Abstract

Room temperature vibronic laser action in trivalent chromium ion-doped forsterite (Cr**:Mg,S10.) is reported
for the first time. The free running pulse laser emission is centered at 1235 nm of the broad "T,-"A,
fluorescence band with a bandwidth of ~ 22 nm. The spectral range for laser emission is expected to cover
the 800-1350 nm range if the parasitic absorption may be minimized, making it one of the most widely tunable
solid state lasers.

In this paper we present the first room temperature vibronic pulsed laser operation of Cr’*-doped
forsterite (Cr’+:Mg,Si0,). Forsterite is a naturally occurring gem's? which can be grown by the Czochralski
method.' The single crystal of Cr'*:Mg,Si0, used for spectroscopic and laser action measurements was grown at
the Electronic Materials Research Laboratory of the Mitsui Mining and Smelting Co., Ltd., Japan. The crystal
i1s a 9 mm x 9 mm x 4.5 mm rectangular parallelepiped with the three mutually orthogonal axes oriented along
the b, ¢ and a crystallographic axes of the crystal. The crystal contains 0.04 at.% of Cr®* ions, which is
equivalent to a chromium ion concentration of 6.9x10'* ions/cm’.

The room-temperature fluorescence and absorption spectra of Cr*:Mg,S10, for E Nob crystallographic axis
are shown in Fig. 1. The fluorescence spectrum of Cr’*:Mg,310, was excited by the 488-nm radiation from an
argon-ion laser and recorded by a germanium photodiode detector-lock-in-amplifier combination at the end of a
0.25-m monochromator equipped with a 1000-nm blazed grating. The room-temperature spectrum is a broad bdand
covering the wavelength range 700~1400 nm. The room-temperature fluorescence lifetime is 15 ps.
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Fig. 1 Absorption and fluorescence spectra of Cr’**:Mg,S810, at room temperature. Both the spectra were taken
for B U b-axis and excitation along a-axis. The thickness of the sample along a-axis {s 4.5 ma.

The absorption spectrum was taken with a Perkin-Elmer Lambda-9 spectrophotometer along the 4.5-mm path
length of the sample. It is characterized by two broad bands centered at 780 nm and 460 nm attributed *» the
“A,+"T, and “A,»"T, absorptive transitions, respectively, of the Cr** ifon. The. broad, weak absorption band
between 850-1150 nm i{s not observed in the excitation spectrum.® This indicates that the origin of this
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absorption is not transitions in Cr'* jon, but in some other impurity ions, e.g., Fe’" in the host crystal.“ I

is evident from Fig. 1 that this background absorption overlaps a significant spectral region® of Cr'':Mg,S10,
emission, and inhibits laser action i{n that region.

The experimental arrangement for investigating the laser action® In Cr’*:Mg,Si0, consisted of a stable
resonator formed by two 30-cm-radius mirrors placed 20 cm apart. The mirrors were dielectric coated to
transmit the 532-nm pump beam, and to have high reflectivity in the 1150-1250 nm spectral range. The
reflectivity of the back mirror is 99.9%, while that of the output mirror is ~ 98% for normal incidence over
the specified wavelength range. It f{s to be noted that this spectral region does not correspond to the peak
of the fluorescence spectrum, but was chosen so that the background absorption is minimal. The sample was
longitudinally pumped by frequency-doudled 532-nm, 10-ns full-width-at-half-maximum (FWHM) pulses from a Q-
switched Nd:YAG laser (Quanta Ray DCR-1} operating at a 10-Hz repetition rate, employing an unstable resonator
configuration. The pump beam was linearly polarized along the b axis and propagated along the a axis of the
sample. It was focused 3 cm before the sample by a 25-cm-focal-length lens. The radius of the pump beam at
the center of the sample is ~ 600 um. The output from the lagser cavity was analyzed by a 0.25-m
monochromator and monitored by a germanium photodiode detector. The output of the detector was displayed on
a fast oscilloscope. No dispersive element was placed in the cavity and the laser operated in a free-running
pulsed mode.

Pulsed laser operation was readily obtained for pumping at or above the lasing threshold of 2.2 mJ. A
single output laser pulse was obtained, implying a gain-switched operation which is a consequence of pump-
pulse duration being shorter than the lasing-level 1lifetime. The amplitude and duratfon of the laser pulse
varied, as expected, with the pulse-to-pulse energy fluctuation of the pump laser. The temporal duration
(FWEM) of the output laser pulse varied from 200 ns at the threshold to 100 ns at 2.4 times the threshold
energy. The delay between the peak of the pump pulse and the peak of the Cr*:Mg,S10, laser pulse also varied
-with pump-pulse energy, from 700 n3 at the threshold to 200 ns at 2.4 times the threshold energy. This
indicates that the laser cavity is highly lossy, and several hundred round trips are required to build up the
laser oscillation in the cavity. )

The laser threshold and slope efficiency were measured for the cavity used in this experiment and the data
is displayed in Fig. 2. The laser oscillation starts to build up at an absorbed input energy of 2.2 mJ. The
measured slope efficiency of 1.4% is rather low, and indicates large losses in the cavity. These 1losses
include ~ 13% reflection loss from the uncoated sample surfaces, scattering from inhomogeneties in the
crystal, and a large mismatch between the size of the pump beam and the Cr3*:Mg,S10, cavity modes in the
sample.
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Fig. 2 The output energy of Cr®':Mg,Si0, laser as a function of input energy.

The spectrum of Cr**:Mg,5i0, laser is shown in Fig. 3, for an absorbed pump energy of 3.1 mJ. The spectrum
peaks at 1235 nm and has a bandwidth (FWHM) of 22 nm. The spectral range is limited at the high energy end
by the mirror transmission and the impurity absorption, while at the low energy end by the mirror transmission
as well as by the decrease in fluorescence intensity.
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Fig. 3 The spectrum of free-running Cr’*:Mg,5i0, laser for the resonator configuration described in the text.

In summary, pulsed laser operation has been obtained in Cr**:Mg,S5i0, at room temperature. The laser
emission i3 centered at 1235 nm and has a bandwidth of ~ 22 nm. The spectral range for laser emission is
expected to extend from 850-1300 nm If the parasitic absorption may be minimized by improved crystal growth
technique, making {t one of the most widely tunable solid state lasers in this spectral region. The large
fluorescence bandwidth of the crystal promises ultrashort pulse generation through mode locked operation.

The research {s supported by National Aeronautics and Space Administration, Army Research Office, Hamamatsu
Photonics KK and CCNY Organized Research.
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Recently, we reported!-? room-temperature pulsed laser
action in chromium-activated forsterite (Cr:Mg;SiO,). The
free-running laser output was centered at 1235 nm with a
spectral bandwidth (full width at half-maximum, FWHM) of
22 nm. The laser emission was stimulated by the 532-nm
excitation of the green-red absorption band of the system.
The crystal is characterized by a shallow absorption band
spanning the 850-1200-nm wavelength range, which over-
laps a significant portion of the emission spectrum and was
previously thought to inhibit laser action in that region. In
this communication, laser action in chromium-doped for-
sterite for 1064-nm excitation of this band is reported. The
near infrared absorption thus turns out to be effective in
populating the initial level of the lasing transition.

The absorption and fluorescence characteristics of Cr:for-
sterite in the near infrared spectral region are shown in Fig. 1.
The room-temperature absorption spectrum is a double-
humped band covering the 850-1200-nm wavelength range.
The room-temperature fluorescence spectrum extends from
1000 to 1400 nm and peaks at 1140 nm. At liquid nitrogen
temperature both the spectra show a sharp zero-phonon line
at 1093 nm followed by elaborately structured vibrational
sidebands. A detailed analysis of the vibrational sidebands
is out of the scope of the present paper and will be presented
in a future publication. The fluorescence lifetime is 15 us at
room temperature and 20 us at liquid nitrogen temperature.

The cavity arrangement used for obtaining laser action in
Cr:Mg,SiO; has been described elsewhere.! An identical
arrangement was used in this measurement, except that the
separation between the front and the back mirrors was 40cm,
and the pump beam was focused 5 cm in front of the sample
by a 50-cm focal-length lens. The fundamental and second
harmonic emissions from a Q-switched Nd:YAG laser
(Quanta Ray DCR-1) operating at a 10-Hz repetition rate
were used for excitation of the near infrared and visible
bands, respectively. Pulsed laser action was readily ob-
served for both the 1064- and 532-nm pumping at or above
the respective thresholds. To switch from one pump wave-
length to the other, one merely had to change a filter in the
beam path to transmit the desired wavelength and block the
other. The amplitude and duration of the Cr:Mg,SiO; laser
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trum for 1064-nm excitation of Cr:Mg,Si0, at room temperature

(solid line) and liquid-nitrogen temperature (broken line) for Efb

exis. The crystal contains 0.04 at.% of Cr ions and has a thickness of
4.5 mm along the excitation direction.
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Table l. Prcpcstia > of Laser Emiesion for the Two Excitation Wavelengthe

Value at the excitation
wavele
Property 1064 nm nm
Lasing threshold (absorbed energy) 125 mJ 1.37mJ
Slope efficiency 1.8% 14%
Spectral bandwidth (FWHM) 25 nm 22 nm
Center wavelength 1235 nm 1235 nm




6 -
L {a) (b)

]
&
; sl L
.
—
>
a
~
=
o 2
r4
w
7]
< L
]

Q

200 240 1260 1200 1240 1280
WAVELENGTH (nm)

Fig. 3. Spectra of free running Cr:Mg,SiO, laser for (a) 1064-nm
pumping and {b) 532-nm pumping.

pulse, as well as its delay with respect to the pump pulse,
varied as expected with the pulse-to-pulse energy fluctua-
tion of the pump pulses. However, for a similar level of
excitation and within the time resolution of the experiment,
there was no appreciable difference in the delay between the
pump pulse and the output laser pulse for the two pump
wavelengths. The laser thresholds and slope efficiencies for
the two excitation wavelengths, 1064 and 532 nm, are shown
in Fig. 2. The spectra of the free-running laser for pumping
at 1064 and 532 nm are displayed in Figs. 3(a) and (b),
respectively. Table I summarizes and compares the charac-

teristics of laser emission for the two excitation wavelengths.

The close similarity of laser parameters clearly indicates
that the infrared band is responsible for laser action for both
the 532- and 1064-nm excitations. For 532-nm pumping
there is a fast transfer of excitation from the levels directly
pumped to the lasing level. Chromium-activated forsterite
thus has the useful property that it can be pumped by the
fundamental of Nd:YAG or Nd:glass lasers, and no frequen-
cy doubling is necessary. A detailed understanding of the
spectroscopic properties that lead to this behavior of this
systern is an interesting problem and will be presented in an
upcoming publication.

We thank K. Yamagishi of Mitsui Mining and Smelting
Co. of Japan for providing us the Cr:Mg;SiO, crystals used in
thisstudy. Theresearch is supported by National Aeronau-
tics and Space Administration, Army Research Office, and
City College of New York Organized Research.

Note added ir proof: We obtained cw laser action in chro-
mium-activated forsterite pumping with 1064-nm cw radia-
tion from a Nd:YAG laser. Using a single plate birefringent
filter in pulsed mode, tuning over 1167-1270 nm range has
also been demonstrated.
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Room-temperature puised laser action has been obtained in chromium-activated (v <terite
{Cr:Mg,Si0,) lor excitation of the near-infrared absorption band of the <ystem hyv “he 1064
nm radiation from a Nd:YAG laser. The characteristics of laser emission are simitlaie to those
observed for 32 nm pumping. It is suggested that the laser action is due t0 a “:2nier™ ather
than the trivalent chromium (C2*), presumably the tetravaient chromium (Cr'* ).

Recently, we reported'~' room-temperature puised la-
ser action in chromium-activated forsterite (Cr:Mg,SiO,).
The free-ranning laser output was centered at 1235 nm with
a spectrai bandwidth of 22 nm. The laser emission was
stimuiated by the 532 nm excitation of the green-red absorp-
tion band of the system. This absorption band, together with
the one in the blue spectral region, originates from transi-
tions between crystal-field-split states of the C* ion. The
origin of the shailow absorption band spanning the 850-
1200 nm wavelength range has not been determined with
any certainty, and was tentatively attributed to other impu-
rity ions.® This absorption band overiaps a significant por-
tion of the emission band of the system and inhibits laser
action in that region. Identical absorption band has been
observed in gadolinium scandium gailium gamet crystals
codoped with trivalent chromium and neodymium ions
{GSGG:Nd’*, Cr'*).*” The chromium ion in this crystal
acts as an efficient sensitizer of Nd** emission, resulting in
abaut a factor of two improvement in lasing efficiency rela-
tive to the Nd'“:YAG crystal."® The near-infrared absorp-
tion acts as a significant luss mechanism for Nd** emission
in codoped GSGG crystal and impedes the fuil potential of
the sensitization process, The “center” responsible for this
infrared absorption has been considered to be a nuisance,
and efforts have been made to get rid of this center by im-
proving the crystal growth technique, or annealing the crys-
tal in reducing atmosphere.'" In this letter we report for the
first time on laser action in chromium-doped forsterite
pumped by 1064 nm radiation and present evidence that in
chromium-doped forsterite the near-infrared active “cen.
ler” is responsible for laser action. Absorption. emission,
and lasing properties of this “center’”” are presented. We sug-
gest that the center may be a Cr*™ ion in a tetrahedral site.

Theabsorption and fluorescence spectra of the center in
the near-infrared spectral region are shown in Figs. { and 2,
respectiveiy. The room-temperature absorption spectrum is
2 doubie-humped band covering the 850-1200 nm wave-
leneth range. The room-temperature fluorescence spectrum
extends from 1000 to 1400 nm and peaks at 1140 nm. At
lignid-nitrogen temperature hoth the spectra show a sharp
zero-phonon line at 1093 nm fotlowed by elaborately struc-
tured vibrational sidebanuls, A detailed analysis of the vibra-
tional sidebands is out of the scope of the present letter and
will be presented in a future publication. The Auorescence
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lifetime ig 15 118 at room temperature and 20 us at liquid-
nitrogen temperature. :

The cavity arrangement used for nbtaining laser action
in Cr:Mg,SiO, hns been de<cribed eisewitere.' An identical
arrangement was used in this measurement, sxcept that thie
separation between the front and the back mirrors was 10
cm. and the pump beam was focused 5 cm in front of the
sample by a S0 cm (ocal lergth lens. The fundamental and
the second-harmonic emissions from a2 J-switched Nd:YAG
laser (Quanta Ray DCR.1) aperating at a 10 1z repetition
rate were used for excitation of the near infrared and the
visible bands. respectively. Puised laser action was readily
observed for both the 1064 nm and the 532 nm pumping ator
above the respective thresholds. To switch from one pump
wavelength to the other, ane merely had to change a filter in
the beam path to transmit the desired waveiength and block
the other. The amplitude and duration of the Cs:Mg,SiO,
laser pulse, as well as its delay with respect to the pump
pulse, varied, as expected. with the pulse-to-puise energy
fluctuation of the pump puises. However. for a similar levet
of excitation and within the time resolution of the experi-
ment, there was no appreciable difference in the deiay
between the pump pulse and the output laser pulse for the
two pump wavelengths, Tl laser thresholds and slope effi-
ciencies {or the tvo excitation wavelengths. 1064 and 532
nm. areshown in Fig. 3. The <pectra of the free-running laser
for pumping at [064 and ¥ nm are displayed in Fige. 4(a)
and $(b), respectively. Tai-le | summarizes and compares
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the characteristics of laser emission for the two excitation
wavelengths. )

The data presented so far clearly indicate that the same
center is active in Isser action for both the 532 nm and 1064
nm excitations. For the 332 nm pumping there is a fast (rans-
fer of excitation from the levels directly pumped to the lasing
level. The abrorption at 532 nm and for that matter, the
entire red-green band has heen sttributed to ‘A, —*T- transi-
tions in Cr'* ion."'" If that is the case; then tiie CR** ions
sct as g sensitiver, rapidly and efficiently transferring energy
to the lasing center. However; the lating center itseil may
have a higher lying absorption band that averiaps the Cr>*
absorption in the red-green spectrai region. Similar contri-
butions to absorption in this spectral region have indeed
been suggested for Cr** in GSGG.'* and for isoelectronic

V** in corundum.'? The growth of population.in the lasing:

level for 532 nm pumping will then be due (o vibrational
" nonradiative transitions whiclr are very fast.'’ Probably,
_both the interband nonradiative transitions, and the:
CR’* —Izsing center energy transfer are effective in popu-
{ating the lasing level (or excitation in the visible. However,
for the 1064 nm pumping, the lasing band is directly popu-
lated.

The key question that remains to be answered is, what is
the origin of this lasing center. Trivalent chromium enters
the forsterite crystal in two distinet sites, one with mirror
(M 2) and theother with inversion (M 1) symmetry. Gener-
ally, the ions in the mirror sites are optically active. The
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polarired absorptinn spectrn of chromium-activated forster-
ite have been analyzed'” in t2rms of Tanabe- Sugano formal-
ism,'* and no infrared nbsorption band is predicted for Cr'*
iong in mirror sites. For Cr™ ' jons in inversion sites, even
ligand fleid-induced electric«ipoie transitions are not possi-
ble. Dynamic interaction with lattice vibrations may result
in transitory reduction of invarsion symmetry, making tenn-
sitions possible. However, such transitions are very wenk
and slow, as seen for Cr° * ions in inversion sites in alexan-
drite, where the fluorescence lifetime is ~ 60 ms.'* The men-
sured lifetime of 15 us is oo short for transitions within the
statesof a C* * fon ininversion site. it is highly unlikely that
the infrared absorption is due to the Cs°* ions in inversion:
site:

Impurities other than chiromium couid be another possi-
bility. Trivalent iron (Fe'*) isa commonly occurring impu-
rity in olivines, and exhibits a similar absorption band in the
near infrared. However, the low-temperature spectrum of
iron in olivine does not show the sharp-line structure as ob-
served in chromium-activeted forsterite* Chemical analysis
of the sample did not indicate sufficient iron content to ac-
count for the observed absorption either.

A similac 8501200 nm absorption band observed®’ in
Nd.Cr:GSGG was first assuined® to be due to Cr**, and
finaily has been attributed to Cr** centers.’ This band ap-
pears only in Cr-activated GSGG crystails and never in un-
doped or oniy Nd-doped cryxials. The absorption coefficient
of the band depends on the cry stal growth condition and has
been cbserved® to vary over three orders of magnitude from
high of 2 cm ' down 10 1>:10~% cm™~' at 1061 nm, the

TABLE 1. Properties of 12ser emission for the two excitation wavelengths.

Value ot the excrtation wevelength of

Property 1064 nmy $32nm
Lasing threshoid (sbeorbed energy) 1.25mJ 13T md
Slope cficiency 1.8% 1.4%
Spectrsl bandwidth (FWHM) Gam 27nm
Center waveiengih 1239 nm 12385 am
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vaveiength for Nd inser emission. After a <eries of careful
tests far impurities” and analvticat chemistry studies.” these
authore established a correlation between the strength of this
ah<orption and the levef of divalent calcium impurity in the
sampie. Divaient calcium appears as an impurity i weandi-
um oxide, the starting material for growing GSGG. Also. to
promote the growth of garnet crystais a smaitl amount of
calcium oxide is sometimes added to the melt. The working
hypothesis here is that the C2?* causes Cr'* to change to
Cr'* . and the Cr** ionona tetrahedral site is responsible for
the near-infrared absorption in question. In view of the simi-
Iarities between the nezr-infrared absorption band in GSGG
and forsterite, we tentatively assign the center in forsterite to
Cr'* ion as well. The role of Ca’* is presumably piayed by
Mg** in forsterite.'* Substitution for Si'* in tetrahedrally
coordinated sites is less frequent but possible,'” and may lead
lo tetrahedraily coordinated chromium ions in forsterite.
Another possibie identity of the lasing center may he the
divaient chromium ion (Cr? * ) substituting for Mg?* in the
inversion (M 1) site, It has been indicated that in distorted
coordination sites, like the forsterite M | site. Cr** may oc-
cur and be stable."™"* According to the prediction of the
crystal field theory such a center may account for the ob-
served infrared absorption. The exact identification of the
lasing center in chromium-activaisd forsterite still remains
an interesting problem for further investigation,
Note added in proof. We have obtained cw later action in
chromium-activated lorsterite by pumping the crystal with
1064 nm radistion from a cw Nd:YAG laser. By using a
single-plate birefringent filter in pulsed mode. tuning over
1167-134S nm has also been demonstrated.
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Dr. John Caird of Lawrence Livermore Nationai Laborato-
ry for suggesting that the infrared absorption may be due to
transitions in Cr**, and Dr. Roger Belt for providing a
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for providing us the Cr:Mg,SiO, crystals used in this study.
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Bimodal Q distributions for the intracavity field in sin-
gle-atom intracavity resonance fluorescence. The
strength of the quantum fluctuations is inversely propor-
tional to the size of the system, measured by the number
of cavity photons needed to saturate the atomic transi- .
tion. Figures (a) and (b) are plotted for saturation pho-
ton numbers of one and five, respectively.

MAJOR BREAKTHROUGH IN -
TUNABLE SOLID-STATE LASERS

V. PETRICEVIC, S.K. GAYEN, AND R.R. ALFANO
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THE CrTY COLLEGE OF NEW YORK
NEw YORK, N.Y.

side a cavity. Much attention has been paid to enhanced
and inhibited spontaneous emission rates. Actually, cavity
effects are much more diverse, even for the simplest con-
figuration of a single atom transition. With cavity and
atomic loss included, the quantum dynamics of this cou-
pled system depend on the relative sizes of three parame-
ters: the atomic decay rate, the cavity decay rate, and the
coupling strength between the cavity mode and the atomic
transition. Work at the University of Arkansas seeks to
reach a global understanding of these dynamics.24°¢

Free-space behavior is recovered if the atom-field cou-
pling strength is much smaller than the atomic and cavity
decay rates. When it is not, the quantum statistics can dif-
fer markedly from free-space resonance fluorescence. A
notable example of the possible behavior is the existence,
verified by Craig Savage at the Optical Sciences Center,*
of bimodal states of the intracavity field. This is a single-
atom version of absorptive optical bistability. Intracavity
resonance fluorescence, therefore, provides a quantized
version of a dissipative nonlinear dynamical system. It can
be used to study the relationship between linear micro-
scopic quantum mechanics and macroscopic nonlinearity,
including the important questions that surround the sub-
ject of quantum chaos.
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hromium-doped forsterite (Cr:Mg25i04) is a new

member'* of the expanding family of tunable solid-
state lasers.5"7 Forsterite is a member of the olivine family
of crystals and like alexandrite, and emerald is a naturaily
occurring gem. Laser action in Cr:forsterite has been ob-
tained for excitation by both the fundamental (1064 nm)
and the second harmonic (§32 nm) radiation from a Q-
switched Nd: YAG laser. The laser emission peaks at 1235
nm, and to date has been tuned over the 1167-1270 nm
wavelength range. In this review, a description of the spec-
troscopic and laser properties of forsterite laser crystal is
presented. '
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" Output energy of Cr:Mg25i04 laser as a function of in-
put energy for (a) 1064 nm pumping, and (b) 532 nm
pumping.

The room-temperature absorption spectrum of the crys-
tal is characterized by three bands.! For excitation with
light polarized along the b-axis of the crystal, these bands
span the 360~520 nm, 600-800 nm, and 850-1200 nm
range. The 600 to 800 nm band changes dramatically with
the polarization of the incident light, while the other two
bands exhibit little significant change. The room-tempera-
ture fluorescence spectrum extends from 600-1400 nm.

At liquid nitrogen temperature, the fluorescence spec-
trum breaks up into three components and exhibits sharp
line structures. The behavior of the fluorescence spectrum
gives an indication that more than one center may be in-
volved in the absorption and emission of radiation in this
crystal. This is further substantiated by the wavelength-
dependent fluorescence life-time of the crystal. The room-
temperature fluorescence lifetime for emission around 701
nm is 75 psec while for emission in the lasing region it is
15 psec.

Since the absorption spectrum of the crystal overlaps
with a significant portion of the emission spectrum, laser
action was obtained only in the infrared end, where the
absorption losses are minimum. The sample was placed at
the center of a stable resonator formed by two 30 ¢m radi-
us mirrrors. The mirrors were dielectric coated to transmit
the 532 nm and 1066 iim pump beams, and to have high
reflectivity in the 1150—1250 nm spectral range. Details of
the cavity configuration have been presented elsewhere.!3

The sample was longitudinally pumped both by the
1064 nm fundamental, and the 532 nm second-harmonic
radiation from a Q-switched Nd:YAG laser. Pulsed laser
action was readily obtained for both the 1064 nm and the
532 nm pumping at or above the respective thresholds.
The laser thresholds and slope efficiencies for the two exci-
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tation wave-lengths, 1064 nm and 532 nm, are shown in
the figure. The table summarizes and compares the char-
acteristics of laser emission for the two excitation wave-
lengths.

To date, continuous tuning of the Cr:forsterite laser has
been obtained over the 1167-1270 nm spectral range. A
single-plate birefringent filter is used as a dispersive ele-
ment in the laser cavity. Continuous wave laser operation
was achieved using a chopped cw Nd: YAG radiation.

The forsterite crystals were provided by K. Yamagishi of
Mitsui Mining and Smelting Co. of Japan. The research is
supported by Army Research Office, National Aeronau-
tics and Space Administration, Hamamatsu Photonics
KK, and City College of New York Organized Research.
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ROOM-TEMPERATURE OPERATION
OF THE CO: MGF: LASER

D. WELFORD AND P.F. MOULTON
SCHWARTZ ELECTRO-OPTICS INC.
CONCORD, MASS.

he Co:MgF: laser is a continuously tunable source

for the mid-IR covering, to date, the wavelength re-
gion from 1500 to 2300 nm at cryogenic temperature and
1750 to 2500 nm at room temperature. Laser operation
was first demonstrated by Johnson et al.! using flashlamp
excitation. Later work by Moulton resulted in the devel-
opment of both cw? and pulsed Q-switched? operation
using laser excitation. However, until recently, liquid-ni-
trogen?'? or thermoelectric® cooling were required for effi-
cient operation. This year, we reported the first room-tem-
perature, pulsed, normal-mode operation of the Co:MgF2
using laser excitation.’ At 2 10-Hz pulse-repetition-rate
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Continuous-wave laser operation of chromium-doped forsterite
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Room-temperature continuous-wave laser action in chromium-activated forsterite (Cr:Mg2Si04) has been achieved
for longitudinal pumping in a neatly concentric cavity by the 1064-nm radiation from a cw Nd: YAG laser. The laser
emission is centered at 1244 nm and has a spectral bandwidth of 12 nm. An output-power slope efficiency of 6.8% is
measured. The effective emission cross section is estimated to be ~1.1 X 10-1% ¢m?,

Chromium-doped forsterite (Cr:Mg.SiO;), a new
member of the family of tunable solid-state lasers,! is
emerging as a useful, important, and practical laser
system for operation in the near-infrared spectral re-
gion. Recently we reported room-temperature pulsed
lager action in this crystal for both 532- and 1064-nm
pumping.?% The laser emission peaks at 1235 nm and
is continuously tunable over the 1167-1345-nm spec-
tral range.® Successfully operated tunable solid-state
lasers such as alexandrite,” emerald,® Cr:GSGG,® and
other chromium-based crystals,! together with
Ti3+:Al1,0;,1° span quite a different spectral range of
660-1090 nm. Chromium-activated forsterite is
unique since it extends the spectral range further into
the near infrared to 1345 nm. The most remarkable
feature of the operating wavelength range of Cr:for-
sterite is that it lies near 1276 nm, a wavelength of zero
material dispersion. The practical implication for op-
tical communications is that the material dispersion
will be minimal for a source that emits in the vicinity
of this wavelength and hence would permit the maxi-
mum information capacity of the fiber to be exploited.
This laser’s spectral range also makes it suitable for
eye-safe ranging and remote sensing.

Consequently, the cw operatlon of such a promwmg
source of coherent radiation in the near infrared is of
technological importance. Although a number of
chromium-activated lasers have been operated in the
cw mode, none covers the spectral range spanned by
the Cr:forsterite laser. Successful pulsed operation
does not ensure cw lasing either, as has been found for
Nd:glass lasers. Room-temperature cw opetation of a
laser material, on the other hand, opens up the possi-
bilities of the laser’s being used in various oscillator
and amplifier configurations. In this Letter we i .-
port, for the first time to our knowledge, the room-
temperature cw laser operation of chromium-doped
forsterite in the near-infrared spectral region.

The experimental arrangement used for obtaining
cw laser action in Cr:forsterite is shown schematically
in Fig. 1. The sample was placed at the center of a
nearly concentric cavity formed by two 5-cm-radius
mirrors. The input mirror was dielectric coated to
transmit 70% of the 1064-nm pump beam and to have a
reflectivity of 99.9% over the 1200-1400-nm wave-
length range. The output mirror was similarly coated

01486-9592/89/120612-03$2.00/0

to have a reflectivity of 99% for the 1175-1250-nm
range and to transmit 20% of 1064-nm pump beam.
The single crystal of Cr:forsterite used in this study
was grown by the Czochralski method at the Electron-
ic Materials Research Laboratory of the Mitsui Min-
ing and Smelting Company, Ltd., Japan. The crystal
is26 mm X 6 mm X 30 mm rectangular parallelepiped
with the three mutually orthogonal axes oriented
along the a, b, and ¢ crystallographic axes of the crys-
tal. It contains 2.8 X 10!8 chromium ions per cubic
centimeter. The 6 mm X 6 mm end faces of the crystal
were broadband antireflection coated, such that the
reflectivity over the 1050-1250-nm spectral range was
less than 0.5%. The sample was sandwiched between
two copper blocks to facilitate dissipation of heat.
The 1064-nm radiation from a cw Nd:YAG laser
(Spectra-Physics Model 3460) was focused by a 75-
mm focal-length lens to pump the sample longitudi-
nally along its 30-mm path length. The pump beam
propagated along the ¢ axis and was linearly polarized
along the b axis of the crystal. The beam was chopped
at a duty factor (i.e., the ratio of the interval for which
the beam is blocked to that for which the beam is
open) of 9:1 to reduce heating effects. When the
pump beam was not chopped, the Cr:forsterite laser
operated at a 40% reduced power level, indicating the
effect due to local heating. The measurements re-
ported here were taken with a fixed cavity length cor-
responding to a cavity mode waist of 75 um. The
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Fig. 1. Schematic diagram of the experimental arrange-
ment for investigating cw laser action in Cr:forsterite: C,
light chopper; Fy, variable neutral-density filter; L, focusing
lens; M,, input mirror; M, cutput coupler; S, sample: F»,
1064-nm cutoff, Cr:forsterite laser light-transmitting filter;
M, monochromator; D, germanium or PbS detector.
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Fig. 2. Temporal behavior of the cw Cr:forsterite laser
emission over the entire duration of the pump pulse (scale: 1
msec/cm).
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Fig.3. Spectrum of the free-running cw Cr:forsterite laser.

waist of the pump beam at the center of the sample
was 70 ym.

The transmitted 1064-nm light was blocked by cut-
off filters. The output of the Cr:forsterite laser was
monitored either by a slow PbS detector or by a fast
germanium photodiode. A set of calibrated neutral
density filters was used for output-power slope effi-
ciency measurement. The spectrum of the free-run-
ning laser was recorded by a photodiode-lock-in-am-
plifier combination at the end of a 0.25-m monochro-
mator equipped with a 1000-nm biazed grating.

Quasi-cw laser operation was readily obtained for
pumping above the lasing threshold of 1.25 W of ab-
sorbed power. The laser output is polarized along the
b axis of the crystal. The crystal could be pumped by
a beam polarized along the a axis, but the emission
would still be polarized along the b axis. The time
evolution of laser output is duplayed in the oscillo-
scope trace shown in Fig. 2.

The spectrum of free-running cw Cr:forsterite laser
is shown in Fig. 3 for an absorbed pump power of 3 W.
The spectrum looks similar to that for the pulsed
mode; however, the peak is shifted from 1235 to 1244
nm and the bandwidth reduces to 12 nm compared
with 25 nm for the pulsed case. The shift of the center
wavelength is attributed to the transmission charac-
teristics of the output coupler used in the cw lasing
experiment. The reduction in spectral bandwidth in-
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dicates that a laser medium has to be driven harder for
cw operation than for pulsed operation.

The cw output power of the Cr:forsterite laser as a
function of the absorbed pump power was measured
for the cavity used in this experiment, and the data are
displayed in Fig. 4. The laser oscillation starts to
build up at an absorbed input power of 1.25 W. The
measured slope efficiency is 6.8%.

The experimentally obtained values of the absorbed
pump power at the threshold and the slope efficiency
together with known mirror reflectivities may be used
to estimate a number of key laser parameters. The
slope efficiency 5 is given by!!

1= O,TIALUT + L), (1)

where T is the total transmission of the cavity mirrors
and L is the cavity loss. Using the data in Fig. 4, we
obtain a value of 12.7% for L. This value of L should
be compared with the absorption losses of ~9% mea-
sured with a Perkin-Elmer Lambda 9 spectrophotom-
eter. The disagreement between the two values indi-
cates that additional small loss mechanisms, e.g., ex-
cited-state absorption and nonradiative relaxation,
are operative as well.

The threshold pump power depends on the cavity
losses and the effective emission cross section. An
expression relating these parameters for a longitudi-
nally pumped laser!? has been developed and is readily
applicable to the present system and experimental
conditions:

P = IEPsz(L + T)(02 + 1)
t" " 4or[t - exp(—al)]

(2)

where P; is the incident threshold pump power; ¢ is the
effective emission cross section; E,, is the energy of a
pump photon; w is the radius of the laser cavity mode
in the crystal; g is the ratio wp/w;, where w, is the
pump-beam radius; 7 is the lasing state hfetlme. ais
the pump-beam absorption coefficient; and ! is the
length of the crystal. We estimate a value of 1.1 X
10-!9 cm? for the effective emission cross section, using
the measured threshold pump power (absorbed), P,[1
— exp(—al)] of 1.25 W, the beam waist parameters
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Fig.4. Output power of the cw Cr:forsterite laser as a func-
tion of absorbed pump power.
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Table 1. Properties of cw Emission froma
Cr:Forsterite Laser
Property Value

Lasing wavelength (center) 1244 nm
Spectral bandwidth (FWHM) 12 nm
Lasing threshold (absorbed power) 125 W
Slope efficiency, n 6.8%
Threshoid inversion density, N, 2 X 107 ¢m =3

Effective emission cross section 1.1 X 10~¥c¢m?

quoted above, and a room-temperature fluorescence
lifetime r of ~15 usec. The value of the emission cross
section may also be determined from the radiative
lifetime and the emisston line shape. The radiative
lifetime in this calculation was approximated by the
fluorescence lifetime. However, care must be taken to
choose the fluorescence lifetime and line shape to be
used. This caution is warranted from the realization
that in Cr:forsterite more than one center is optically
active. In our earlier publications?-* we attributed
the entire emission in Cr:forsterite to radiative transi-
tions within the states of the Cr3t ion. However, our
subsequent investigations revealed that the emission
in the 1050-1400-nm range is the Stokes-shifted fluo-
rescence corresponding to the 850-1200-nm absorp-
tion band. It is these absorption and emission bands
that are effective in laser action in Cr:forsterite.5!*
These absorption and emission bands are attributed
to transitions within the states of a second center other
than Cr3*, which has tentatively been identified as
tetravalent-chromium ion (Cr**). The details of the
spectroscopic properties of Cr:forsterite, and the role
played by the two centers, are interesting and intrigu-
ing. However, they are outside the scope of this Let-
ter and will be presented in a forthcoming publication.

Both the emission line shape and the fluorescence
lifetime used in emission cross-section calculation
were measured by exciting the 850-1200-nm absorp-
tion band of the sample by 1064-nm radiation, thus
ensuring that only the emission from Cr** ions is taken
into account. The emission spectrum thus obtained
has been reported elsewhere®!3 and hence is not re-
peated here. The value of the emission cross section
was calculated by approximating the fluorescence -
spectrum mentioned above by a center wavelength
and an emission linewidth, The fluorescence lifetime
for 1064-nm excitation is 15 usec, which is the value
used for the radiative lifetime.

The value of the emission cross section obtained
from the emission lifetime and line shapeis 3.3 X 10~'*
cm?, a factor of 3 larger than that estimated from the
cw lasing threshoid condition, Eq. (2). This large dis-
crepancy may arise from two factors. First, there may
be substantial nonradiative relaxation, which will im-
ply that fluorescence lifetime is not a good approxima-
tion for the radiative lifetime used in the calculation.
Second, excited-state absorption may be operative.
The presence of such loss mechanisms has also been

suggested from the discrepancy in the values of cavity
loss discussed above.

From the emission cross section and threshold
pump power, we estimate the threshold population
inversion density from the threshold condition!!:

2oNl=L+T. &)

A value of 2 X 10" em~3 for the population inversion is
calculated. The key cw laser parameters are summa-
rized in Table 1.

The successful cw lasing of Cr:forsterite together
with its large fluorescence bandwidth promises high-
repetition-rate mode-locked operation (e.g., by syn-
chronous pumping) for generating ultrashort pulses in
the near infrared. Since large crystals may be readily
grown, various types of oscillator and amplifier design
are now possible.

We thank K. Yamagishi, H. Anzai, and Y. Yamagu-
chi of Mitsui Mining and Smelting Company, Japan,
for providing us the crystal used in this measurement.
The research is supported by the U.S. Army Research
Office, the National Aeronautics and Space Adminis-
tration, and City College of New York Organized Re-
search.
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Tunable, room temperature pulsed laser operation of a
chromium-doped forsterite laser for 1064-nm pumping is
reported. Using different sels of mirrors and a single bire-
fringent plate as the intracavity wavelength selecting ele-
ment, tunability over the 1167-1345-nm spectral range has
been demonstrated.

The practical utility of a vibronic solid state laser is deter-
mined, to a great extent. by the wavelength range over which
it can be tuned effectivelv  [Laser emission in the infrared is
of technological importance for eve safe ranging, remote
sensing, and optical communtcation. A number of chromi-
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Fig. 1. Schematic diagram «t the evperimental arrangement used

for wavelength tuning the Ur'torsterite laser: £y = 1064-nm trans-

mitting, visible blocking lilter. £ = pump beam blocking, laser

output transmitting filter: L = fiicusing lens, M, = back mirror; Mo =

output mirror; S = sample: T = hiretringent plate tuning element; M
= monochromator snd {) = detector.
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um-based tunable solid state lasers.! together with a
Ti?*:Al,0; laser.? span a spectral range of 660-1090 nm. A
chromium-activated forsterite laser-* is unique since it ex-
tends the tuning range further into the near infrared to 1345
nm. The most important feature of the tuning range of the
Cr:forsterite laser is that it lies around 1276 nm, a wavelength
referred to in the literature? as the “wavelength of zero
material dispersion.” We recently reported both the pulsed
and the cw laser operation of this crystal at room tempera-
ture.?-7 [In this Letter, we present the continuously tunable
operation of this laser over the 1167-1345-nm spectral range.

The room temperature flucrescence spectrum of Cr:for-
sterite covers the 680-1400-nm wavelength range. Laser
operation has been obtained in the low energy infrared end of
this fluorescence band.3-*> The absorption spectrum over-
laps most of the high energy end including the peak of the
fluorescence spectrum and inhibits laser action in that re-
gion3* The tunable operation to be presented here thus
spans only a fraction of the fluorescence spectrum.

The experimental arrangement used for wavelength tun-
ing the Cr:forsterite laser is shown schematically in Fig. 1.
The sample (S) was placed at the center of a stable cavity
formed by two 30-cm radius mirrors placed 45 cm apart.
The input mirror (M;) was dielectric coated to transmit the
1064-nm pump beam and to have a high reflectivity of 99.9%
in the 1150-1250-nm range, which decreased to 98.5% at 1270
nm. Three different mirrors were used as output couplers
{M3). The first mirror (output coupler A) had a reflectivity
of 98% for the 1200-1300-nm range, the reflectivity of the
second mirror (output coupler B) varied from 99% at 1150 nm
to 87% at 1200 nm, while that of the third (output coupler C}
varied from 99.8% at 1150 nm to 90% at 1200 nm. The left
and center curves presented in Fig. 2 were taken with the first
two of these output couplers. The tuning curve on the right
was obtained with another pair of mirrors: the input mirror
which had high transmission for the 1064-nm pump beam
and reflectivity of 39.9% in the 1275-1375-nm range and the
output mirror {output coupler D), whose reflectivity varied
from 96% at 1275 nm to 94.5% at 1375 nm with a maximum of
97% at 1320 nm.

The dispersive element used for frequency tuiming -ne
Cr:forsterite laser output was asingle birefringent crysialtine
quartz plate provided by Apollo Lasers. Inc. The plate wasa
30- X 31.75-mm rectangle, 513.4 um thick, with the optic axis
in the plane of the plate and parallel to the 30-mm side. The
plate was inserted in the cavity at the Brewster angle with
respect to the cavity axis, which is also the ray axis. The
tuning of the laser output was effected by rotating the tiited
plate about an axis perpendicular to its surface.

The single crystal of Cr:forsterite used in this study was
grown by the Czochralski method at the Electronic Materials
Research Laboratory of the Mitsui Mining & Smelting Co..
Ltd., Japan. The crystal is a 6- X 8- X 30-mm rectangular
parallelepiped with three mutually orthogonal axes oriented
along the a, b, ¢, crystallographic axes of the crystal. The
chromium-ion concentration in the crystalis 2.8 X 1013 cm~*.
The 6- X 6-mm endfaces of the crystal are broadband antire-
flection coated. such that reflectivity over the 1050-1250-nm
spectral range was <0.5%.

The sample was longitudinally pumped by the fundamen-
tal 1064-nm, 10-ns full width at half-maximum (FWHA{)
pulses from a @-switched Nd:YAG laser (Quanta-Ray DCR.
1) operating at a 10-Hz repetitionrate. The spatial profile of
the pump pulse was a Gaussian. The pump beam was linear-
ly polarized along the a-axis and propagated along the c-axis
of the sample. The 1064-nm beam was focused into the
center of the sample by a 50-cm focal length lens. The waist
of the cavity mode at the sample was ~225 um. The position
of the focusing lens was adjusted to optimize the overlap
between the pump beam spot size and the cavity mode waist
monitored by maximizing the laser output. The laser out-
put was analyzed by a 0.25-m monochromator equipped with
a 1000-nm blazed grating and monitored by a fast germani-
um photodiode.

The first proof of wavelength tunability was that for four
different output couplers, A, B, C, and D free-running laser
outputs were centered at 1235, 1200, 1192, and 1250 nm,
respectively.

With the birefringent plate inserted in the cavity, smooth
tuning was obtained and the resuit is displayed in Fig. 2.
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Fig. 2. Ratio of Cr:forsterite laser output (E.) to the absorbed pump energy (E,) as a function of wavelength. The curve in the center was
taken with output coupler A, the one to the left with output coupler 8.and the curve to the right with a set of mirrors coated for the 1273-1373-
nm range. The transmission characteristics of the mirrors and output couplers are described in the text.
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The venter curve taken with output coupler A shows the ratio
of the output laser energy to the absorbed input energy as a
function of wavelength. spanning the 1205-1268-nm spectral
range. At the peak of the tuning curve at 1220 nm, the
output laser pulse energy is ~7 uJ/pulse for an input ab-
sorbed energy of 0.9 mdJ/pulse.

The tuning curve on the left covering 1167-1206 nm was
obtained with output coupler B described earlier in the text.
The laser output peaks at 1200 nm with an energy per pulse
of 125 u.f for an absorbed input pulse energy of 1.9 mJ. This
order of magnitude larger output power for this output cou-
pleris attributed to its higher transmission (13% at 1200 nm)
compared with that for output coupler A (<2% over the
tuning range). The free-running output slope efficiencies
for the two output couplers, 21% for Coupler B compared
with 4% for coupler A, also reflect the same behavior. The
lasing threshold of 317 ad for output coupler B is a factor of
~3.5 higher than that for coupler A which is expected since
the cavity with coupler B is lossier than the one with output
coupler 4. and is consistent with the respective output slope
efficiencies. The tuning curve on the right was obtained
using a pair of mirrors coated for the 1275~1375-nm range.
It covers the 1236-1345-nm range. The output peaks at
1245 nm with an energy per pulse of 85 uJ for an absorbed
pump energy of 2.4 mJ. The free-running output slope
efficiency for this pair of mietrors was 12% with a lasing
threshold of 0.27 md. It should be noted that we have
obtained similar tunable operation for 532-nm and 630-nm
pumping as well.

In summary, we have demonstrated continuously tunable
operation of a Cr:forsterite laser over the 1167-1345-nm
spectral range. At the peak of the tuning curve at 1200 nm
an output of 125 uJ/pulse is obtained, with an output to
absorbed input energy ratio of 6.6%. A maximum output
slope efficiency of ~21% has been obtained so far.
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